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I. INTRODUCTION
Prostate cancer is one of the most commonly diagnosed cancers in the Western World, accounting for approximately 30%
of all male malignancies [1] . Historically, the preferred treatment choice for localized prostate cancer has been radical prostatectomy [2] . More recently, there has been an increasing shift towards radiation treatment, with brachytherapy at the forefront of treatment options. When treated with brachytherapy, freedom from biochemical relapse is in the range of 75%-100% at 5 30 years and 66%-88% at 8-13 years [3] . However, in terms of distant failure and cause-specific survival all modalities appear to perform equally well.
Permanent prostate brachytherapy (PPB) implants are currently performed with 125 I or 103 Pd sources using ultrasound guidance to deliver high doses of localised radiation to the prostate gland [4] . The effectiveness of PPB is due to its ability to deliver a relatively high dose in a very conformal fashion to the target. Several reports in the literature [5] [6] [7] [8] indicate the 35 target coverage with 100% of the prescription doses is often less than 90% and the dose to normal tissues such as the urethra and rectum are highly variable. While an experienced physician can lessen the magnitude of these differences, many factors controlling execution of the plan are subject to random fluctuation. In low dose rate (LDR) brachytherapy, 125 I seeds are inserted transperineally via implant needles into the prostate gland. Constraints on the critical structure dose (e.g. rectum, urethra) are set in the treatment planning system (TPS). 40
In PPB, post implant dosimetry studies [8] on patients show that accurate pre-planning correlates with good (86% and 89%) target volume coverage with prescription dose (V 100 and V 90 , respectively); the agreement to prescription dose increases to over 96% (V 100 ) and 98% (V 90 ) of target volume when the plan is modified and re-calculated intra-operatively taking into account the real needles positions in contrast to positions assumed by template (intraoperative conformal optimization and planning named I-3D). Intraoperative planning is achieved by using trans-rectal ultrasound (TRUS) as the standard imaging 45 modality for volumetric prostate studies and accurate needle position determination in a prostate gland.
An alternative technique developed by Wallner et al. [9] , uses computed tomography (CT) to identify the position and shape of the prostate for treatment planning; however, the ability to "see" the prostate in a CT study is known to be rather poor. In this technique, intraoperative needle placement is verified under fluoroscopy using the urethra as the primary reference marker. 50
The use of CT-guided insertion of the needles has also been investigated in the recent past
[10] [11] but its widespread use is limited by high cost. Recently Zelefsky et al. [12] system was used in the operating room after all seeds were implanted rather than during the procedure to avoid undesirable 55 time delay. This procedure allows the implantation of additional seeds in cold spots thus identified.
The traditional preplanned approach used for PPB has limitations that may be overcome by intraoperative dynamic treatment planning (IDTP). MSKCC has developed and successfully implemented I-3D for ultrasound (TRUS) based ITP, obviating the need for pre-planning [13] . However IDTP requires knowledge of location of each dropped seed in a prostate follow by fast re-planning. While a TRUS-based ITP system is a suitable method for prostate volumetric studies and needle guid-60 ance, some physicians remain skeptical of its seed position identification accuracy [14] [15] [16] .
Seed location determination is crucial for verification of the planned treatment to minimize toxicity to the surrounding organs and IDTP plays an important role in compensation for seeds misplacement to keep dosimetry optimal. While contemporary radiotherapy technology is quite precise there remains questions on the possibility of reliable real time quality check (QC) to avoid possible accidents reported previously
[17] [18] . 65
The above discussion indicates that real-time QC is imperative to maximise the benefits of PPB while keeping the dose constraints to critical organs in check. This paper discusses the proof-of-concept of a novel in-body imaging technique using a high spatial resolution gamma camera embedded in a TRUS probe for real-time in-vivo seed identification concurrent with a prostate ultrasound image dataset. The QC system, called BrachyView was designed to provide this information.
II. MATERIAL AND METHODS 70

A. BrachyView rectal probe
The BrachyView rectal probe design is based on a multi-pinhole lead collimator and three side-by-side Medipix2 detec-
tors
[19] [20] with a total imaging area of 14x42 mm 2 (256x768 pixels with individual pixel size of 55x55 µm 2 ) and was manufactured in collaboration with the Institute of Experimental and Applied Physics of the Czech Technical University of Prague. The radioactive seeds are the source of the imaging radiation and are projected through the pinholes onto the detector 75 surface (Fig. 1) . In contrast to a traditional pinhole gamma camera this system works in demagnification mode (magnification factor less than 1), an attribute made possible by the unique spatial resolution of the Medipix2 detector. In Medipix2, each pixel has an independent pre-amplification channel and two discriminator levels. Therefore when a photon is detected by a pixel and its energy deposition generates a signal larger than the threshold, the corresponding counter increases by one count and is digitally readout by a USB interface with a refresh rate of a few hundred Hz [20] . The count map realizes a projec-80 tion of the seed on the imager plane. Using a few distinct projections of the same seed through different pinholes, 3D seed
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coordinates in the coordinate frame related to the TRUS gulation. 
B. Pinhole collimator design 85
The pinhole collimator used for feasibility studies (CMRP) and consists of a cone shaped lead structure (Fig.2a) . A scanning electron microscope picture of the pinhole ture used during the experiments is shown in Fig.2b . The combination of one Medipix2 detector and the collimator was decollimator distance) [21] of approximately 50 truncated cone with large face diameter established based on the minimum distance between to be placed) and prostate which is approximately 10 mm [22] . Considering a typical brachytherapy source air KERMA strength of 0.5 U that corresponds to intrinsic activity of 0.4 mCi [23] it is found that for an aperture of d=180 µm the expected count rate of the gamma camera exposed to a seed located 105 at source-to-collimator distance of 50 mm would be approximately N=2700 counts/s. The above calculation shows that the geometry and dimensions of the system makes the use of the gamma camera for fast seed positioning determination possible, especially when only a few hundred counts are sufficient to discriminate the seed projection from the background noise. Experimentally, the seed position reconstruction technique was tested using a 60x60x60 mm 3 PMMA prostate phantom. 110
Parallel channels for housing of the 125 I seeds were drilled horizontally following the standard grid template for the LDR TRUS-guided brachytherapy (Fig. 3) . In this proof-of-concept study, a single Medipix2 with imaging plane 14x14 mm 2 and a single pin-hole lead collimator was used. The phantom was translated relative to the pinhole/detector system in order to achieve multiple images of the same seed. In addition, five pinhole collimators above the imaging detector were modeled using five separate projections. 115 For the accurate translation of the phantom above the pinhole/detector, a motorised linear stage with bidirectional accuracy of ±10 µm in both X and Y directions was used.
C. 3D reconstruction method
The three-dimensional position of each seed is reconstructed by using a stereoscopic back-projection technique based on 120 tracing lines between the pinholes and the centre of mass of the digitised 2D images of each seed on the plane of the Medipix2 detector. The positioning of the detector inside the rectum has two major consequences in terms of image reconstruction: a) it doesn't allow a rotation of the detector around the target region therefore a standard image reconstruction technique such as the multiple back-projection used in SPECT scanner cannot be adopted, b) due to space restrictions the pinhole camera has a magnification factor smaller than one, therefore an imaging sensor with a high spatial resolution is 125 necessary.
The back-projection reconstruction method to be used with the BrachyView probe is based on the use of 2D images generated by the incident gamma rays from the seed projected onto the sensor plane through the pinhole collimator. The pinhole is identified as the origin of the camera frame (X c0 , Y c0 ).
The image is the projection of a 3D object onto the detector plane assuming that each point of the object emits a gamma 130 photon. To a first approximation, the image of the object can be represented by its centre of mass ignoring, at this stage, any information about its orientation. By acquiring at least two images of the object through two different positions of the collimator it is possible to reconstruct the position of the object in space from the intersection of the two lines calculated using the coordinates of the centre of mass of the images and the pinhole.
The system 'object-pinhole-2D projection' can be represented by a simple model that describes the mathematical relation-135 ship between the coordinates of the "3D point" P c in the pinhole camera frame (X c ,Y c ,Z c ) and its projection P 1 onto the image plane (x,y) (Fig. 4) . This model is based on the use of an ideal camera without lenses and thus without spherical distortion [25] .
Equation (1) The previous relation can be reformulated using the projective geometry framework, as 145
where α=Z c is the homogeneous scaling factor, H is the intrinsic conversion matrix composed by the parameters which characterise the pinhole-imager apparatus in the camera frame. 150
The above model was implemented in MATLAB and intrinsic parameters have been set with the values used for the experimental setup and reported in Tab.1. Using MATLAB algorithms in a three-dimensional geometry, rays are drawn from the projected seed image on the image plane (centre-of-mass of the projection) through the centre of the pinhole. This process is repeated every time the pin-160 hole/detector is moved relative to the source. Since skew lines in 3D do not necessarily intersect, the seed coordinate P c is assumed to be the midpoint of the shortest chord joining the two projected rays.
III. EXPERIMENTAL RESULTS
A configuration of 4 seeds (Model 6711
125 I Oncura/GE Healthcare, Princeton, USA) with strength 0.05 U, were placed in positions B1, C2, B3, A4 of the phantom (Fig.3) . Data that was acquired for three seconds at 50 frames/s, was used to evalu-165 ate the spatial resolution of BrachyView and estimate the effective diameter of the pinhole collimator. The seeds were positioned in three different rows to (i) evaluate the effect of the source-to-collimator distance (SCD), (ii) evaluate the projected image quality of two seeds positioned simultaneously: one in B3 (close to the detector and hence bright) and one in C2 (afar from the detector and hence weak); (iii) verify the extension of the FOV when a seed was placed in the periphery position (A4). The spatial resolution and pinhole effective diameter (d eff ) were evaluated assuming a Gaussian fit of the projections of 170 the seeds onto the Medipix2 detector image plane. Due to the alignment of the detector relative to the phantom the numerals in Y direction corresponds to the column number of Medipix2 which are perpendicular to the long axis of the seeds. In this case the seeds appear horizontal on the image generated by the detector. Fig.5a shows the response map (image plane) of the system with four seeds in position. The response function can be represented in a plot by selecting one of the pixel columns (perpendicular to X direction), i.e. in Fig. 5b Y=120 (total number of columns is 256) was selected. The intensity distribution 175 of the counts in the pixels along the X direction can be then used to calculate the spatial resolution and taking the imager pixel size and focal length into account, the effective diameter of the pinhole can be obtained.
The precision of 3D position reconstruction can be defined by the combination of the transverse and the longitudinal accuracy. Transverse accuracy ε ୶୷ is the degree of closeness of the reconstructed position of the seed to the expected value in the XY plane (parallel plane to the collimator plane) and obtained by the back projection of the image through the pinhole. This 180 quantity is related to the spatial resolution achievable in the plane of the imager (R p ) and it depends also on the dimension of the pinhole d eff in the pinhole camera resolution R t [24] . The spatial resolution R p as a function of the SCD and the overall transverse accuracy ε xy are plotted in Fig.5c (dash line and solid line, respectively). ε xy matches the experimental data for a value of the effective diameter of the pinhole (d eff ) equal to 350 µm.
Equation (4) is entirely defined by the camera parameters: p is the detector pixel size, l is the SCD, d eff is the effective pinhole diameter and f the focal length. The result obtained by Beekman is confirmed also by the work of Marks and Brady [24] based on 3D Fourier transformation of intensity maps of the source projected by a pinhole collimator. The comparison of the transverse accuracy calculated by (4) and measured by BrachyView is plotted in Fig. 5c and from Marks [24] .
The 3D position reconstruction algorithm was tested by identifying five seeds placed in different positions of the XZ plane within the phantom, yet the same Y value. The position of the seeds was chosen to test two parameters that potentially affect the reconstruction technique: a) the blurring of the image and increasing of the background counts generated by scattered and 200 penetrating photons through the lead, which is particularly significant when the seeds are in close proximity to the collimator (seeds located in the row A and B), and b) the evaluation of the image generated by masked seeds (i.e. the configuration with one seed in B1 and one in A2 is of interest because B1 is masked by A2 in the third projection of Fig. 6a ). Reconstruction was carried out by the use of five projections (Fig. 6a) (Fig. 6b) . This technique aims to mimic the use of a mul surface equivalent to a triple Medipix2 configuration as planned for the final prototype a) 
210
Accuracy of the 3D coordinate reconstruction decreases sponding to 60 mm SCD can still be fully resolved and localized with an accuracy of 3 the center of the seeds placed at row E corre- (Fig. 7) .
I seeds using a pinhole camera inserted into the rectum is feasible
The main parameters characterized in this work resolution measured at low SCD is in the . On the other hand, for a 60 mm
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SCD the resolution is approximately ±4 mm which seems to be inadequate for accurate position reconstruction of the seeds.
This limitation can be addressed by the employment of a tungsten pinhole collimator manufactured by laser etching tech-220 niques [25] which will reduce the effective pinhole diameter down to 150-180 µm. The estimation of the count rate N will still be acceptable with 2700 counts/s but the transverse resolution will be substantially improved (2 mm transverse resolution at SCD of 60 mm, accordingly with the Marks and Brady model described above). bedded in the titanium shell and its projection is simplified by the identification of the centre of mass of the seed image. This approach should still be valid for brachytherapy seeds with radioactive material embedded in small beads encapsulated into titanium shell. Photon scattering in the Ti shell of the seed will smooth the effect of the discrete distribution of the radioactive material inside the seed especially at high SCD and the approximation of the seed projection profile by a Gaussian fit should still be possible. The main advantage of this technique we would like to highlight in this work is the possibility to co-235 register the 3D dataset obtained by the pinhole camera with the images of the prostate obtained by the TRUS probe. The overall dimensions of the camera are small enough to be integrated in a 22 -24 mm diameter cylindrical probe which still represents an acceptable size for use with patients [26] . Although the integration of the two devices in a single instrument is challenging from an engineering point of view, the co-registration of the datasets will be simple. The instrument will have
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the ultrasound transceiver and the Medipix2 triple detector with multiple pinhole collimators on opposite halves of the cylin-240 drical probe sharing the same central planar physical support and both will be aligned to the implantation template grid with a common spatial coordinate frame. A fixed thin ultrasound and radiation transparent cylindrical shell will be used to be in contact with the rectal wall while the built in linear array of the US transducer and the gamma camera of the probe will be rotated inside the shell acquiring US image of prostate and seeds radiation image without interfering with the rectum wall, minimizing the deformation of the volumes and the position of the organs during the treatment. BK Medical [27] in the recent 245 past suggested the use of a linear array of the US transducer rotated inside of a thin cylindrical shell for radial 3D scanning, suggesting that the approach of BrachyView is feasible. This probe will provide co-registration of the seeds position in TRUS dataset automatically. The BrachyView probe may also be configured to allow simultaneous limited angle CT imaging of seeds for procedural post-implant dosimetry using a miniature X-ray tube rotated on an arc trajectory above the patient pelvis. CT imaging of active seeds can take advantage of a specific feature of Medipix2 that allows rejecting of events in 250 specifically selected energy windows. For instance, selecting the energy window 22-36 keV, one should be able to reject all the background radiation from the implanted 125 I seeds and enhance CT contrast of the seeds image.
V. CONCLUSION AND FUTURE WORK
Studies using a high spatial resolution silicon detector for miniature in-body pinhole gamma camera have identified an [24] and from Marks [25] . 
